Stimulated emission, predicted by Albert Einstein in 1917, not only prepared the grounds for the invention of the laser, but also for a far-field fluorescence microscopy with diffraction-unlimited resolution. In stimulated emission depletion (STED) microscopy, stimulated emission is not used for light amplification but for a saturated quenching of the fluorescence emission. After demonstrating a five-fold improvement of the lateral (x and y) resolution over the diffraction barrier, we apply STED microscopy to nanostructures of stained PMMA. For the first time, periodic line structures of 80 nm width and 40 nm gaps are resolved with focused visible light.
Introduction
In his straightforward, yet most profound derivation of Planck's law of black-body radiation, Albert Einstein introduced stimulated emission as a further transition path between a higher and lower energy level [1] . Encountering a beam of light with matching photon energy, an excited quantum system may change to a lower level by adding an identical photon to the beam. Light amplification by stimulated emission has paved the way for the laser [2] which subsequently revolutionized atomic and molecular spectroscopy, as well as many other fields of optics. For example, invented in the late 1950s, confocal microscopy had to await the advent of the laser in order to develop its full potential [3] . By boosting the irradiance, this highly coherent light source opened a new chapter in far-field optical microscopy as a result. However, it did not amend the central problem of these systems, namely the diffraction-limited resolution [4] .
For a lens of semiaperture angle α, the smallest extent of the intensity maximum in the focal plane of the lens is limited by diffraction to about r = λ/(2n sin α), with λ and n denoting the wavelength of light and the refractive index, respectively. r quite precisely gives the lateral full-width-half-maximum (FWHM) of the main diffraction intensity maximum [5] . Objects closer than r > λ/3 ≈ 200 nm cannot be distinguished in a conventional far-field optical image.
The development of ultrafast lasers in the 1970s and 1980s facilitated the implementation of multiphoton processes [6] presenting a quadratic, cubic or even higher order dependence of the signal on the applied intensity [7] [8] [9] . However, multiphoton processes did not really improve the resolution in absolute terms. This is readily explained for multiphoton-induced fluorescence, where the finite energy gap of a fluorophore is bridged by the instant absorption of m photons of 1/m the energy. The m times longer wavelength renders the focal spot m times larger, which is not compensated by the nonlinear concentration of action towards the focal centre [10] ; in fact, the resulting spot scales as √ m. Multiphoton excitation to higher energy levels is not a real option, since it is accompanied by stronger photobleaching. It is true that multiphoton scattering events, such as higher order harmonics or coherent anti Stokes Raman scattering, do not entail this problem. However, m > 3 is virtually impossible in a nonlinearly scattering microscope, because it would reach beyond the optical regime and would also require unacceptably high intensities leading to photodestructive multiphoton absorption [11] . This all explains why multiphoton processes did not open up a new chapter in far-field optical resolution, despite their common use for almost 15 years [12] . A 1.4-fold reduction of the effective spot FWHM is in principle possible in confocal fluorescence microscopy. This stems from the fact that the consecutive point-like illumination and point-like detection in this system yields an effective point-spread function (PSF) that is the product of the two and hence roughly the square of one of them. Since there is no wavelength enlargement, the gain in resolution holds. In the spatial frequency domain, the multiplication amounts to even a doubling of the bandwidth of the optical transfer function. However, in practice, this bandwidth enlargement is virtually never realized since, being heavily damped, the larger spatial frequencies are usually swamped by noise. If they were not, the resolution could be improved by a linear image deconvolution by up to a factor of 2, but that would also be a firm limit. At the end of the day, confocal microscopy is still limited by diffraction [13] . Recently, it has also been shown that radially polarized annular illumination leads to an improvement of lateral resolution by up to a factor of 1.6, albeit at the expense of stronger sidelobes and a degraded axial resolution [14, 15] . Although these improvements are noteworthy, this approach is also within the realm of diffraction.
The apparent lack of viable concepts for far-field resolution improvement has lead to the development of near-field optical microscopy which abandons focusing altogether [16] . Here, the spatial resolution is improved by confining the light-specimen interaction to sub-λ dimensions using a sub-λ-sized scanning aperture or tip. However, this approach not only requires a tight control of a nanosized stylus, but is also limited to the imaging of surfaces. Far-field optical microscopy still remained attractive because relying on regular lenses, it is noninvasive, fast and applicable to the 3D imaging of transparent specimens.
In continuous development over recent years, the diffraction limit of far-field fluorescence microscopy has been radically broken [17] [18] [19] and, interestingly, Einstein's stimulated emission played a substantial role in this development again. In the concept of stimulated emission depletion (STED) microscopy [17] [18] [19] , stimulated emission is not used for light amplification, but for an exponential quenching of the fluorescent marker to the ground state. Realized at comparatively low intensities, the giant nonlinearities connected with STED allow one to significantly surpass the diffraction barrier and may eventually lead to a spatial resolution at the molecular scale. To date, practical STED-fluorescence microscopy has displayed a spatial resolution of 33 nm (λ/23) along the optic axis [20] . In the transverse direction, a lateral FWHM of 40 nm (λ/20) was measured with individual molecules, but the resolution in extended complex images was only about ∼75 nm [21, 22] . In this paper, after demonstrating an effective spatial resolution down to 47 nm with single molecules, we report on the first application of STED microscopy to the imaging of dyed lithographic nanostructures.
Following Moore's law, the ever-shrinking features of electronic circuits have presently reached linewidths of 90 nm. Being smaller than the diffraction limit, these structures are currently inspected by electron microscopy. By imaging structures of 80 nm linewidth and 40 nm interline distance, our work paves the way for a far-field optical lithography inspection at the nanoscale.
Concept and set-up
In polyatomic organic molecules whose excited states are subject to fast nonradiative de-excitation, stimulated emission is most effective between the vibrationally relaxed sublevel of the first electronic singlet state S 1 and a vibrational sublevel of the ground state S * 0 (figure 1(a)) [23, 24] . Whereas the S 1 may spontaneously emit a photon within its typical lifetime τ fl of a few nanoseconds, the S * 0 decays nonradiatively within τ vib < 1 ps. The three orders of magnitude difference in lifetime helps in keeping up a population inversion between the two states. Deliberate depletion of the S 1 by stimulated emission [17] in these molecules can be optimized by temporally separating the stimulated absorption from the stimulated emission. Therefore, in our fluorescence microscope, the excitation to a Franck-Condon vibrational level in the first singlet state, i.e. S 0 → S * 1 , is performed by pulsed illumination. Single photon absorption of the molecule is followed by its ultrafast nonradiative decay to the fluorescent state S 1 . For effective depletion of the latter, the molecules are subjected to a synchronized red-shifted 'STED pulse' of duration τ STED ∼ 300 ps < τ fl . Since τ vib τ STED , the vibrational decay in the ground state empties the S * 0 more effectively than the STED pulse could possibly re-excite the molecule to the fluorescent state S 1 . Moreover, since the stimulated emission is predominant, the population of the state S 1 of a molecule residing at a spatial coordinate r decreases exponentially with the fluence h STED ( r) of the STED pulse, expressed in photons per area per pulse [18, 20, 25] . By denoting the molecular cross section for stimulated emission with σ , the normalized probability of an excited molecule to fluoresce at r is given by
Our experiments were carried out with a home-built scanning fluorescence microscope (figure 1(b)) featuring an oil immersion objective lens of 1.4 numerical aperture (Planapo 1.4 NA, Leica Microsystems, Wetzlar, Germany). The filters and the dichroic beam splitters were optimized for an excitation at 635 nm and an emission ranging from 650 to 710 nm, which is characteristic of the xanthene dye JA 26. The excitation was performed with a pulsed laser diode (PicoQuant GmbH, Germany) delivering 68 ps pulses at a repetition rate of 80 MHz. A quarter waveplate ensured that the excitation light at the lens was almost circularly polarized. The fluorescence light was collected by the same lens and focused onto the core of a fibre guiding the fluorescence to a counting avalanche photodiode. Imaged into the focal plane of the objective lens, the core diameter corresponded to 0.7 times the Airy disk. As a result, the probability of a fluorescent photon to be detected was spatially weighted by the detection PSF h det ( r) which is the normalized diffraction-limited image of the fibre core. In its non-STED operation, the set-up behaved as a scanning confocal fluorescence microscope of finite pinhole size, which greatly simplified the comparison with this state-of-the-art far-field technique.
In the STED mode, the excitation pulse was immediately followed by a STED pulse of 780 nm central wavelength. It originated from a femtosecond mode-locked Ti:sapphire laser (Mai Tai, Spectra Physics) that also served as a trigger master to the pulsed excitation diode. These red-shifted pulses were transmitted through a polarization maintaining single mode fibre of 100 m length in order to stretch them to the τ STED ∼ 300 ps preferred for STED. This pulse duration not only avoided the re-excitation from the S * 0 ( figure 1(a) ), but also the two-photon excitation and excessive nonlinear photobleaching of the dye [26] .
In a regular scanning fluorescence microscope, the fluorescence spot is given by the main maximum of the excitation PSF, i.e., the normalized function h exc ( r) describing the diffractionlimited intensity spot of the excitation light (figure 2) [13] . In our set-up, the purpose of the STED pulse was to reduce the focal area in which fluorescence was allowed. Therefore, the quenching STED pulse was modified to form a zero at the focal centre, i.e., a 'doughnut': h STED ( r = 0) ∼ = 0. The doughnut shape of h STED ( r) was realized by dividing the train of the STED pulses with a polarization beam splitter into beams of equal intensity and equal diameter. Half of each wave front was then phase shifted by π radians using a phase-retarding glass plate. The division was carried out in such a way that the division line was parallel to the respective polarization in each arm [21] . Superposition of the focused wave fronts at the focal plane of the lens yielded the doughnut-shaped h STED ( r) shown in the lower panel of figure 2(a) . Following F ( r) = exp[−σ h STED ( r)], such a fluence obviously not only suppresses the fluorescence at the periphery of the focal spot but, with increasing absolute values h STED ( r), at any point in the focal region, except at the very point r = 0.
The effective focal fluorescence spot and hence the effective PSF h eff ( r) of this scanning far-field microscope is given by the product of the excitation and detection PSF, multiplied by the fluorescence probability F ( r):
Besides h exc ( r) and h STED ( r), figure 2(b) depicts the estimated shape of F ( r) for the STED intensity employed in this experiment, leading to a very narrow region of remaining fluorescence detection. This figure visualizes that for strong enough fluences h STED ( r), the spatial extent of h eff ( r) is solely determined by the exponential suppression factor. Neither the excitation nor the detection PSF really matters. In consequence, the same assertion holds for the excitation and the fluorescence wavelength as well as for the presence of a confocal pinhole. Thus, despite the diffraction-limited extent of the local minimum in h STED ( r), the exponential factor F ( r) allows one to squeeze the focal fluorescence spot in principle down to the molecular scale [18] . By introducing the definitions h [27] . Since the function h STED ( r) is parabolic at r = 0 in first approximation, the fluorescent spot size scales with the square root of the STED pulse fluence [27, 28] . In fact, a Taylor series expansion of h eff ( r) yields the FWHM of the effective PSF of the STED microscope as
Here λ denotes the wavelength of the depletion pulse, because it is the doughnut that is responsible for the final size of the spot. Under the assumption that the excitation wavelength and λ are not very much different, r elegantly converges towards the diffraction-limited spot size in the absence of STED, while for ς → ∞ the fluorescence spot size converges to zero. Scanning with a fluorescent focal spot of subdiffraction size r delivers images of the same subdiffraction resolution.
Experiments
In a practical microscope the resolution depends on the allowable h max STED and on h STED ( r = 0). To probe the resolution capabilities of our set-up, we prepared a sample with single molecules dispersed in a polymer matrix. For this purpose, an acidified aqueous solution of the xanthene dye JA 26 (10 nM), containing 0.1 vol% polyvinyl alcohol, was spincast onto a cover slip [29] . Their almost point-like size (<3 nm) makes single organic fluorophores ideal for quantifying the resolution of a fluorescence microscope, at least in principle. In practice, the interpretation of images from single molecule preparations is challenged by their tendency to temporally reside in a dark state, which is referred to as blinking, as well as by their sudden permanent loss of fluorescence ability which is known as bleaching. Moreover, the effective cross section σ of stimulated emission depends on the relative orientation between the transition dipole of the individual molecule and the polarization of the stimulating light field, which has been treated in a recent publication for the particular case of STED [25] . Nevertheless, the images comparing the confocal with the STED recording mode (figures 3(a) and (b)) display a significant gain in lateral resolution. While blinking and bleaching compromise the perfect correlation between the two images the STED image exhibits many more details than its confocal counterpart. The effective PSF h eff ( r) of the STED microscope is found by analysing the intensity profiles of many isolated 'patches' of individual molecules. Figure 3(c) shows such intensity profiles extracted from the STED image of figure 3(b) . The narrowest line profile features a FWHM of 26 nm. Since it has been taken along the x-direction, this narrow profile must originate from a molecule whose transition dipole is parallel to the y-polarized field. This stems from the fact that the y-polarized component of the STED doughnut is responsible for squeezing the fluorescence spot along the x-axis. Averaging over more than 80 randomly picked molecules randomizes the orientational effects of the molecules and gives an average FWHM of r = 47 nm ( figure 3(d) ). This value also represents the FWHM of the effective PSF h eff ( r). The average FWHM is relevant in samples with higher dye densities, as we shall examine in the next experiments. Compared to the corresponding confocal value of r = 235 nm, the FWHM obtained with STED signifies a gain in resolution over the diffraction limit by a factor of ∼5 both in the x-and y-directions. Thus, with the xanthene dye in use and the applied physical-optical conditions, the effective focal area is reduced by a factor of 25.
Next, we investigated the applicability of STED to the imaging of lithography-fabricated nanostructures. For this purpose, a thin layer of dye-stained PMMA on silicon was structured by means of an electron-beam lithography system equipped with an interferometric sample table (Lion LV1, Leica Microsystems Lithography, Jena, Germany). The PMMA layer was prepared by spin coating a solution of polymethyl-methacrylate (PMMA, molecular weight ∼450 000, 40 µM) in (2-methoxylethyl)-acetate enriched with the dye JA 26 (molecular weight ∼500, 100 µM). The resulting thickness of the PMMA coating was 40-50 nm (5000 rpm, 60 s). Next, the sample was baked at 110
• C for an hour to remove solvent residues. During writing, the electron beam (5 kV, 0.1 nC cm −1 ) induced bond breaking in the PMMA polymer chains which increased the differential solubility. To be finally removed by the developer solution (ethylenglykolmonoethylether and ethylenglykolmonobutylether 4:1, for 45 s), a long chain of PMMA had to accumulate several breaks. This nonlinearity in solubility of PMMA produced comparatively steep edges that became apparent in the scanning electron microscope (SEM) images of the PMMA structures. Unfortunately, the electron beam also induces bond breaking in the chromophoric system of the dye. In contrast to the large polymer chains, the breaking of a single chromophoric bond is sufficient to bleach the dye. Therefore, the bleaching of the dye molecules to the electron-beam dose is expected to be largely linear. Hence, the area in which the dye is bleached is not expected to be sharply delimited. Moreover, it is expected to be larger than the area of the grooves in which the bond cracked PMMA is washed away. The dissimilarity between the two areas has to be taken into account when evaluating the spatial resolution of the STED imaging. Figure 4 (a) shows an SEM image of a line pattern designed for resolution measurements. The dark lines represent grooves, i.e., areas of the sample in which the PMMA has been removed in the process. The decrease in spacing between the lines from the left-to the righthand side facilitates the determination of the minimal distance at which two grooves can still be resolved. The initial pitch of 520 nm decreases in steps of 5% down to 50 nm. Confocal fluorescence microscopy fails in distinguishing the grooves at the point x ≈ 5 µm, where the period of the lines is around 300 nm. Subsequent use of a 96 mW average STED beam power allows one to resolve much denser line pairs ( figure 4(a) ), up to 87 nm pitch. Figure 4 (b) also displays the corresponding normalized intensity profiles revealing the stronger modulation in the STED data at higher spatial frequencies. Figure 5 displays the modulation contrast (B max − B min )/(B max + B min ) giving a more quantitative description of the line pair resolution; B max and B min denote the average maximum value for an adjacent pair of lines and the brightness of the included minimum, respectively. In the STED mode, the contrast is higher and can be maintained up to 4 times larger spatial frequencies.
The larger number of grooves per area on the right-hand side of the line pattern ( figure 4(a) ) causes a lower fluorescence signal per pattern area. Nonetheless, even after taking this trivial geometrical reason into account, this estimated average fluorescence signal (dashed curve in figure 4(b) ) is higher than the signal recorded. The ratio between the two signals worsens with increasing line density. This finding is in accordance with our expectation that the electron beam also bleaches the dye molecules outside the grooves. Finally, we imaged a complex two-dimensional pattern ( figure 6 ). The smallest remaining structure of PMMA was 80 nm wide. The confocal recording shown in figure 6 (a) failed to resolve the pattern. Switching on the STED doughnut with an average power of 102 mW did not fully resolve the features, but improved the image markedly ( figure 6(b) ). To further augment the resolution, we applied a one-step linear deconvolution based on h eff ( r) extracted from the single molecule measurements. The linear deconvolution step was in fact a Wiener filter that just strengthened the higher spatial frequencies of the image.
The linearly deconvolved confocal and STED images are shown in figures 6(c) and (d), respectively. While the STED image maps out all spirals, gradients, texts and grids of the test structure in detail, its confocal counterpart is still rather blurred. This becomes particularly evident from the respective inset panels showing a meander-like feature on a magnified scale. The intensity profiles taken from the 80 nm lines of the insets demonstrate a dramatic resolution and contrast improvement due to STED.
Discussion and conclusion
By proving its ability to resolve 40-80 nm features, STED microscopy sets a new resolution benchmark in the optical imaging of lithographic nanostructures. In view of the fact that the smallest features of current chip manufacturing are 90 nm wide [30] , our data suggest that the combination of fluorescence staining with STED could be an alternative to inspection by electron microscopy. To attain this goal, it will also be important to investigate whether the dye interferes with the lithography process itself. We think that this issue could be dealt with by optimizing the dye concentration and by selecting chemically inert species. The viability of our method is also favoured by the fact that the dye molecules are embedded in a rigid PMMA matrix, meaning better protection from photobleaching as compared to the usual aqueous medium.
The images of the lithographically structured PMMA appeared to have less contrast than those of the single molecule preparation. This is most likely due to the proximity effect, meaning that neighbouring PMMA areas that are not directly exposed to the electron beam are hit by scattered electrons as well. In most cases, these are electrons that are back-scattered from the substrate. The proximity effect is known to be rather moderate for low (<2 keV) acceleration voltages [31, 32] , but at the 5 keV used for writing our structures, the proximity effect is expected to be more prevalent. The resulting bleaching of the dye molecules in the proximity of the grooves is responsible for the fact that the fluorescence image is not a perfect representation of the structure.
We have strong evidence in support of this view. Besides the decrease of fluorescence signal per area with increasing linewidth density, it is the STED image of the groove itself. The typical STED-image profile of figure 4(b) (left) is a line profile with a sharp valley and rounded shoulders. Since the resolution capability of the STED microscope is already evidenced by the steepness of the valley, the shallow shoulders must quite truly represent the fluorophore distribution itself. Therefore, once the writing process is improved, an even higher resolution of STED microscopy in nanolithography should become evident. This notion is in full accordance with the 47 nm resolution evidenced in the single molecule data.
We expect that a kind of proximity effect will also be present with far-field optical deep-UV lithography. In this case, it will be given by photobleaching of the dye molecules right next to the targeted area or line. The proximity effect may not necessarily be due to scattering, but a simple consequence of diffraction of the UV light. This issue will be alleviated by the fact that the current writing wavelength (193 nm) is rather short; in fact, it is four times shorter than the STED wavelength (785 nm) used in our experiments. On the other hand, using blue emitting dyes enabling shorter STED wavelength will readily yield a higher spatial resolution, as predicted by equation (2) .
Apart from the possible applications in the semiconductor chip industry, optical superresolution imaging or writing could also be beneficial in the field of biocompatible and biofunctional surface structures and sensors, in particular since no vacuum is need for the recording process. The patterning of biomolecules, for example, on semiconducting surfaces, is of central importance in the fabrication of novel biodevices, and is hitherto mostly achieved with electron-beam lithography [33] . Here again, optical inspection methods with the required resolution could lead to less invasive nanolithographic quality management protocols that are compatible with aqueous environments.
STED actually breaks the diffraction barrier by exploiting the strong nonlinearity resulting from the exponential dependence of the remaining fluorescence signal [18, 20] . Contrary to the multiphoton-induced nonlinear processes, the nonlinearity used in STED does not rely on the concomitant action of many photons, but on the population kinetics of the involved electronic states [27] . As a result and contrary to multiphoton processes, huge nonlinearities can be attained at comparatively low focal intensities. This is the essential key to the success of STED in attaining nanoscale resolution with focused light.
In fact STED of the excited state can be viewed as a saturated transition of a molecule that can repeatedly be reverted by a subsequent excitation. In that sense stimulated emission depletion can be viewed as reversible saturable optical transition and STED microscopy as a representative of a new generalized class of diffraction-unlimited imaging techniques based on such transitions [27, 28] . With suitable photochemical compounds, such reversible saturable transitions may not only be used for subdiffraction imaging, but also for far-field subdiffraction writing of features that are far below the utilized wavelength [28] . Alternative nanolithography schemes of this kind could in turn help in avoiding the current challenges associated with extreme UV lithography [30, 34] , such as the lack of bright 13 nm light sources, the low reflectivity of mirrors at this wavelength and vacuum handling. Although these new techniques probably cannot write a complete chip mask at once, in principle these new techniques can be highly parallelized. For example, the generation of a saturated light distribution with an array of zero intensities (spaced more than the diffraction-limit apart) would allow an individually addressable writing process at hundreds, if not thousands of positions at the same time [28] . By this scheme, the scan time would be reduced dramatically.
In summary, Einstein's notion of de-exciting a quantum system by stimulated emission has not only facilitated the invention of the laser, but also that of STED microscopy, a novel far-field fluorescence imaging technique with nanoscale resolution. We have shown that the spatial resolution provided by STED microscopy and possibly also its future derivatives [28] may not only open up a new chapter in biological imaging, but also in the quality inspection of modern nanopatterning and lithography. In fact, the nanolithographic structures imaged in this work have so far been indiscernible with visible focused light.
